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An impact of a magnetic cloud on the Earth’s magnetosphere occurred at 1636 UT on 25 June, 1998, associated
with a sudden increase of the solar wind density and velocity, as well as a sudden increase of the zenithal
component of the interplanetary magnetic field (IMF-Bz). Following the impact of the magnetic cloud, IMF-
Bz was northward (10 nT) and remained steadily strong (about 15 nT) for the next six hours. IMF-Bz turned
southward at 2330 UT on 25 June, 1998, and remained strongly southward (−15 nT) for the next four hours.
During the positive phase of IMF-Bz , both the Auroral index and ring current index SYM/H remained steadily low
indicating complete isolation of the Earth’s magnetosphere from the solar wind and no significant changes were
observed in the equatorial ionosphere. After the southward turning, the steady southward IMF-Bz permitted solar
wind energy to penetrate the magnetosphere and caused the generation of a magnetic storm associated with strong
auroral electrojet activity (AE index). Strong southward IMF-Bz corresponds to the dawn-dusk interplanetary
electric field (eastward on the dayside and westward on the night side). The ionograms at Jicamarca (night side)
showed strong spread-F and at Thumba (dayside) showed an absence of equatorial type of sporadic-E , indicating
a dusk-to-dawn electric field. Thus, the observations point to an electric field opposite in direction to that expected
by the prompt penetration of the interplanetary electric field. An abnormally-large Auroral index (AE) associated
with the start of the storm suggests that the cause of the equatorial electric field changes is due to the disturbance
dynamo effect.
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1. Introduction
The equatorial ionosphere is of special interest in studies
of solar-terrestrial physics since the discovery by Chapman
(1951) of the Equatorial Electrojet (EEJ), a band of
eastward-flowing current in the ionospheric E-region dur-
ing the daytime hours. The enhancement of the solar daily
range of the horizontal geomagnetic field, H , over the mag-
netic equator was explained by Baker and Martyn (1953) as
due to a considerable enhancement of east-west conductiv-
ity within a narrow belt over the dip equator (±3◦ dip lati-
tude), where the electric and magnetic field are orthogonal
to each other. Gouin and Mayaud (1967) observed that the
H -field at the equatorial station, Addis-Ababa, on some oc-
casions during the daytime, decreased below the night level
and suggested this phenomenon to be due to a westward
current, which they named the counter electrojet (CEJ).
The ionospheric drift experiment conducted at an equa-
torial station, Thumba, during 1963–1969, provided unique
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data to estimate the direction and magnitude of the equa-
torial electric field. The drifts were westward during day-
time and eastward during nighttime (Chandra and Rastogi,
1970). Chandra et al. (1971) showed that the difference be-
tween the H at an equatorial station (Trivandrum) and at a
station away from the magnetic equator (Alibag) better rep-
resents the electrojet current than the H at Trivandrum,
based on a comparison with the ionospheric drift measure-
ments from Thumba. Denardini et al. (2009) have recently
studied features of CEJ events in the Brazilian sector from
the difference between H at Sao Luis (equatorial) and Eu-
sebio (away from the equator), with H normalized from
the mean midnight value of 5 quiet days of the month, and
named this the electrojet ground strength.
Using the data from four ionospheric stations within EEJ
in Peru during the IGY period, Knecht (1959) identified the
special features of the sporadic-E within the EEJ region and
denoted this as the q-type of sporadic-E or Es-q. This layer
is transparent to radio waves and permits the recording of
echoes from the upper regions of F-layers, but can cause
scatter echoes over a large range of frequencies, even ex-
ceeding fo F2. Rastogi et al. (1971) found that the decrease
of H below the night level (CEJ) and the disappearance
of the equatorial Es-q are due to the reversal of the day-
time electric field to a westward direction, as revealed by
the ionospheric drift observations at Thumba.
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The daytime E-W electric field in the E-region at low lat-
itudes is communicated to the F-region over the magnetic
equator via the highly conducting geomagnetic field lines,
causing a vertical upward E × B force on the plasma in the
F-region. Using the data from an excellent chain of iono-
spheric stations in India, Rastogi (1959) showed that the
vertical plasma drift over the magnetic equator moves the
plasma to higher latitudes along the magnetic field, giving
rise to a decrease of fo F2 at midday over the magnetic equa-
tor and a rise of fo F2 at latitudes around ±15◦ dip latitudes.
This Equatorial Ionospheric Anomaly (EIA) is intimately
related to the equatorial electric field generally indicated
by the daily range of the H -field. The EIA was found to
weaken during the CEJ days.
Another important feature of the equatorial ionosphere
is the occurrence of spread echoes in the F-region on the
ionograms following the rise of the F-layer after sunset,
known as the Equatorial Spread-F (ESF), and first reported
by Booker and Wells (1938). Chandra and Rastogi (1972)
were the first to describe the spread-F at equatorial stations
to be of the range-spreading type to begin with and to trans-
form itself to a frequency-spreading type at a later stage. It
was important that they showed that the ESF develops only
after the evening reversal of the electric field. Recently,
Hoang et al. (2010) have described the characteristics of
spread-F at Ho Chi Minh city (10.5◦N, 106.3◦E, dip lat.
2.9◦N) in Vietnam. Though they did not compare their re-
sults, the diurnal and seasonal variations of ESF were re-
markably similar to that at Thumba and Kodaikanal, de-
scribed earlier by Chandra and Rastogi (1972).
Rastogi and Woodman (1978) showed that a reversal of
the F-region horizontal electric field to eastward, at any
time of the night, is followed by the generation of the ESF
at Huancayo. Rastogi (1983) was first to suggest that the
development of spread-F at low latitudes is a consequence
of the fountain of plasma irregularities over the dip equator
caused by the eastward electric field, very similar to the
phenomenon of EIA. Rastogi (1980a, b) suggested that the
seeding of the ESF irregularities is due to the gradient drift
instability mechanism at the base of the F-layer and may
develop later throughout the F-layer by a Rayleigh-Taylor
instability mechanism. There have been several studies on
ESF (Woodman and LaHoz, 1976; Fejer and Kelley, 1980;
Abdu et al., 1981; Aarons, 1982).
The ionospheric drift observations at Thumba showed
for the first time the effect of IMF on EEJ (Rastogi and
Chandra, 1974). An increasing zenithal component of IMF
was shown to be associated with an increasing anti-Sq elec-
tric field during the day-time as well as the night-time hours,
based on hourly data for the three hours around local mid-
day and three hours around local midnight for a large num-
ber of days during the year 1967. This was interpreted as
due to the decrease of the equatorial dawn-to-dusk electro-
static field with an increasing southward component of IMF.
Fejer et al. (1979) examined the effect of IMF on the
vertical F-region drifts over Jicamarca and found the mean
hourly drift between 1000 and 1400 LT to be 15.8±7.7 m/s
for positive, and 18.3±7.3 m/s for negative, values of IMF-
Bz . Thus, the north-south component of IMF was found
to have some effect: the large standard deviation in their
analysis seems to be due to the large interval of daytime for
which the drift data were averaged. They further examined
the mean drifts for individual groups of IMF-Bz values and
concluded that the drifts were essentially independent of
Bz . The data set was not sufficiently large to detect small
modifications due to IMF-Bz .
The solar wind interaction with the magnetosphere is
quite a complex process and largely depends on the IMF
conditions. Prompt penetration electric field is generally
composed of convection electric field and over shielding
electric field. The shielding electric fields are built up to-
ward the equator of the auroral latitudes and are often re-
versed when the convection field is decreased suddenly, be-
cause of the northward turning of the IMF-Bz , and known
as over shielding electric field. For IMF-Bz turning north-
ward (over shielding effect) the interplanetary electric field
is directed westward during day and eastward during night,
while for southward turning of IMF-Bz (under shielding ef-
fect) the resulting field is directed eastward during day and
westward during night. Thus the prompt penetration elec-
tric field enhances the daytime eastward dynamo field.
Another important mode of coupling of the low-latitude
ionosphere with the solar wind is the precipitation of solar
plasma along the open geomagnetic field lines connected to
the IMF lines. First, the energetic particles create ionization
in the auroral E-region and generate strong auroral electro-
jet currents which may be completed through the dayside
equatorial region that has a large electric conductivity. The
second process is through the disturbance dynamo electric
field driven by storm time neutral winds. The global neutral
wind system responds to the high-latitude energy and mo-
mentum input with the ionosphere-thermosphere from the
magnetosphere. This is a delayed effect and develops over
a period of hours, and can persist for many hours due to the
inertia of the neutral atmosphere.
Rastogi and Patel (1975) noted that large and quick
changes in the direction of IMF from a southward to a
northward direction are associated with the imposition of an
interplanetary electric field directed from the dusk-to-dawn
direction (eastward in the night sector and westward in the
day side sector). They showed that an onset of northward
turning of IMF-Bz at 0840 UT on 3 July, 1968, was accom-
panied with the sudden reversal of VHF backscatter radar
drifts in the E- and F-regions over Jicamarca and a posi-
tive pulse in the geomagnetic H -field at Huancayo. About
an hour later, strong equatorial spread-F irregularities were
recorded on ionograms over Huancayo (Rastogi, 1977).
Thus, it is amply shown that the reversals of IMF-Bz can
generate fresh ESF irregularities in the night sector, and can
cause the sudden disappearance of Es-q irregularities in the
day sector, of the hemisphere. There have been a number of
case studies describing the storm time effects in the equa-
torial ionosphere, but restricted to a particular longitude re-
gion. Sastri et al. (2002) reported the response of the equa-
torial F-region in the Indian midnight sector to the mag-
netic storm of July 15, 2002. Maruyama (2006) reported
an enhancement in TEC during the November, 2004, mag-
netic storm event. Abdu et al. (2003) described the magne-
tospheric disturbance (prompt penetration of the eastward
electric field) induced equatorial plasma-bubble develop-
R. G. RASTOGI et al.: GEOMAGNETIC STORM OF 25 JUNE, 1998 355
Fig. 1. The temporal variations of solar wind velocity, ion density, pressure, interplanetary magnetic ﬁeld, Auroral current index and Sym/H index
during the magnetic storm following the SC at 1636 UT on 25 June, 1998.
ment. Basu et al. (2001) studied ionospheric effects of
major magnetic storms during September–October, 1999,
based on GPS, VHF/UHF scintillations and in-situ density
measurements and reported strong irregularities associated
with the prompt penetration electric ﬁelds in the evening
hours.
There are not many studies of the response of the equa-
torial and low-latitude ionosphere-thermosphere at differ-
ent longitude sectors to geomagnetic storms. Abdu et al.
(2007) studied the ionospheric F-layer responses at equato-
rial, low, and middle, latitudes to the geomagnetic storm of
October, 2003, based on ionosonde/GPS data in the Brazil-
ian and Japanese longitude sectors. Tulasi Ram et al. (2008)
studied the response of post sunset equatorial spread-F dur-
ing ﬁve geomagnetic storms based on data in the Indian,
and Japanese sectors, and Kwajalein (covering about 90◦
longitude), and showed the development of plasma bub-
bles due to the prompt penetration of the eastward elec-
tric ﬁeld in the dusk sector. Bagia et al. (2011) have very
recently reported the response of the equatorial and low-
latitude ionosphere-thermosphere to the geomagnetic storm
of 15 May, 2005, from observations in the Indian longi-
tude sector (70◦–78◦E), and the American longitude sector
(270–288◦E), based on GPS observations. However, case
studies of the simultaneous effects on ESF (nightside) and
Es-q (dayside) related to any parameters of solar wind or
magnetic ﬁeld have not been reported so far.
2. Observations
A solar wind discontinuity arrived at the Earth’s magne-
tosphere, causing a sudden commencement, at 1636 UT on
25 June, 1998, followed by a strong magnetic storm with
a minimum Dst of less than −100 nT. This was a clear
example of a CME, as described by Russell (1999). This
has been listed as a major storm (complex non MC/kinky
HCS/ICME i.e. a magnetic cloud) during the solar cycle 23




Fig. 2. (a) Variations of the H -ﬁeld minus the quiet day H -ﬁeld (SqH ) at pairs of equatorial and low-latitude stations in Indian (Trivandrum, Alibag),
Paciﬁc (Guam, Chichijima) and Peruvian (Huancayo, Fuquene) longitudes on 25 and 26 June, 1998 (UT). (b) The variations of H at Trivandrum
and Alibag superimposed at midnight for the period 22 UT on 25 June, 1998, to 10 UT on 26 June, 1998. (c) The difference of H at Trivandrum
and Alibag from 22 UT on 25 June, 1998, to 10 UT on 26 June, 1998, (03 h to 15 h local time) from quarter-hourly values.
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Fig. 3. Selected ionograms at Thumba (close to Trivandrum) on 25 and 26 June, 1998.
by Echer et al. (2008). Fortunately, besides the complete set
of solar wind data, the ionospheric and geomagnetic data
were also available at equatorial stations in the Indian (day-
time) and American (nighttime) sectors. Geomagnetic data
used are from Trivandrum (8.5◦N, 77.0◦E, dip 1.0◦N), and
Alibag (18.6◦N, 73.0◦E, dip 25.7◦N), in India. Ionograms
from Thumba (close to Trivandrum) and Huancayo (12◦S,
75◦W, dip 1◦N) are used. Solar wind, IMF, AE and SYM/H,
data are obtained from NASA CDAWEB.
In Fig. 1 are re-plotted the solar wind 5-minute average
data, IMF-Bz and interplanetary electric field data, Auroral
AE index and SYM/H data. The solar plasma intercepted
the Earth’s magnetosphere causing an SC at 1636 UT on 25
June, 1998. Solar wind density, n, was around 13 cm−3
between 14–16 UT and increased suddenly at 1636 UT
to about 20 cm−3 and remained at that level up to 1800
UT. Solar wind velocity, V , also increased from about 380
km/s to 430 km/s at 1636 UT and continued to increase to
460 km/s at 1900 UT. This caused an increase of solar wind
pressure (nV 2) from 4 hPa to 7 hPa at the time of SC. The
IMF-Bz had an increase from +10 nT to +15 nT at SC,
which, coupled with solar wind velocity, caused a decrease
of interplanetary electric field (Ey = −Vx × Bz) from −9
mV/m to −14 mV/m. These changes in the solar wind
parameter had caused a SC of 50 nT at Huancayo (1136
LT) and of 45 nT at Trivandrum (2144 LT).
IMF-Bz was strongly northward (10 nT) before the im-
pact of the cloud on the magnetosphere and remained north-
ward stronger than 10 nT until 2300 UT, after which it
gradually turned southward reaching a value of −12 nT at
0000 UT on 26 June, 1998, and remained steady at that level
until 0400 UT. There being no large changes in solar wind
velocity, the resultant electric field Ey = −Vx × Bz was al-
most a mirror image of Bz , being negative before UT mid-
night and positive thereafter. It is to be noted that there
were no large short time fluctuations in IMF Bz during this
period. The SYM/H index was constant around +20 nT up
to 00 UT, after which it started decreasing to a minimum
value of −120 nT around 0430 UT. The auroral electrojet
(indicated by the AE index) showed a first increase at 2347
UT and maximum substorm activity during 02–04 UT with
a peak of 1400 nT at 0255 UT. The absence of any equa-
torial, or Auroral, activities due to a large northward IMF
indicate the isolation of the Earth’s magnetosphere from the
solar wind.
In Fig. 2(a) are shown the variations of the H -field minus
the quiet day H -field (Sq H ) at pairs of equatorial and low-
latitude stations at Indian, Pacific and Peruvian longitudes
for 25 June and 26 June, 1998 (UT). The stations chosen
are Trivandrum (TRD, 8.5◦N, 77.0◦E) and Alibag (ABG,
18.6◦N, 72.9◦E) in the Indian sector; Huancayo (HUA,
−12.0◦N, 284.7◦E) and Fuquene (FUQ, 5.5◦N, 286.3◦E) in
the American sector; and Guam (GUA, 13.6◦N, 144.9◦E)
and Chichijima (CBI, 27.1◦N, 142.2◦E) in the Pacific sec-
tor. It is seen that the storm time variation was evident most
at the Indian longitude (noon sector) where the decrease of
(H − Sq H ) at the equatorial station Trivandrum (TRD) was
more than 100 nT with respect to that at the non-equatorial
station Alibag (ABG). Along the Pacific longitude in the
local afternoon hours, the effect was reduced. It is interest-
ing to note that even at the Peruvian longitude, which was
in the midnight sector, the decrease of (H − Sq H ) was sig-
nificantly larger at Huancayo than at Fuquene. Thus, there
was a persistent westward current over the equatorial lati-
tudes superimposed over the ring current. The presence of
such a current and its longitudinal/local-time effects needs
to be understood and explained.
In Fig. 2(b) are shown the temporal variations of H
(with respect to 00 hr LT) at Trivandrum, an equatorial sta-
tion, and at Alibag, a low-latitude station outside EEJ, from
22 UT on 25 June, 1998, to 10 UT on 26 June 1998. The
local time is also marked in the figure. The two curves are
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Fig. 4. Selected ionograms at Jicamarca on 25 and 26 June, 1998.
superimposed at midnight so that one can see easily the
difference between H at the two stations. From 0500
to 1200 h local time the values of H at Trivandrum are
lower than the corresponding H values at Alibag and sig-
nificantly lower from 0630 to 1130 h local time. Thus H
(TRD–ABG) being negative indicates a counter electrojet
condition in the Indian sector during the complete forenoon
hours. The difference of H at Trivandrum and Alibag is
also plotted in Fig. 2(c) from 22 UT to 10 UT (03 to 15 h
local time) based on quarter hourly values. The negative
values from 0100 UT to 07 UT (06 h to 12 h local time) in-
dicate a counter electrojet with a maximum value of−67 nT
at 3.5 UT (8.5 h local time).
Rastogi et al. (1971) showed that, during daytime, no-
Es-q condition at Kodaikanal, the E-region ionospheric
drifts at Thumba were eastward in contrast to a westward
drift during normal periods. Using modified range-time-
intensity records of VHF backscatter echoes at Jicamarca,
Rastogi et al. (1977) showed that the E-region echoes dis-
appeared precisely at the time when H at an equato-
rial station minus the H at a non-equatorial station turns
negative, irrespective of the absolute value of H at the
equator. Thus, the occurrence of the counter electrojet
(Hequatorial − Hnon-equatorial becoming negative) is asso-
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ciated with the disappearance of Es-q at Thumba or the re-
versal of the ionospheric electric field to the westward di-
rection, sometimes due to the reversal of IMF-Bz .
In Fig. 3 are shown a set of ionograms at Thumba, near
Trivandrum, during the daytime on a normal quiet day, 25
June, 1998, and on a storm day 26 June, 1998. On 25 June,
1998 (Fig. 3(a)), strong Es-q echoes showing a strong char-
acteristic triangular configuration of diffuse echoes at low
frequencies, and scatter echoes for extended frequencies,
indicate the presence of strong E × B gradient drift irreg-
ularities in the E-region during these times. The F2 traces
indicate the upward lifting of the F-region, characteristic
of the EIA due to a strong eastward electric field at these
times. These conform to a normal E- and F-region at the
EEJ on quiet days.
Figure 3(b) shows ionograms at Thumba on the storm
day 26 June, 1998. Each of the ionograms show a com-
plete absence of Es scatter echoes and the normal E-layer
echoes were clearly recorded. The F-layers traces also in-
dicate absence of the uplifting of the F-region indicating
the weakening, or absence, of the EIA during the forenoon
hours. These features are consistent with a westward iono-
spheric electric field in the dayside of the Earth due to the
positive interplanetary electric field.
In Fig. 4 (left panel) are reproduced the digital ionograms
at the American sector equatorial station Jicamarca at alter-
nate hours from 00 UT to 12 UT of 25 June 1998. Referring
to Fig. 4 the height of the base of the F layer, h′F was 230
km at 00 UT (19 LT) and remained so during the whole
night. This absence of the height rise and, consequently,
the absence of any vertical gradient of the plasma density
caused the inhibition of the spread-F irregularities. It may
be mentioned that during the June solstices (winter) the Sq
electric field reversed before the ionospheric sunset and in-
hibits the height rise of the F-layer (Rastogi, 1980b).
In Fig. 4 (right panel) are reproduced the ionograms at Ji-
camarca on 26 June, 1998, for 00 UT to 12 h UT. The iono-
grams at 00 UT (19 LT) and before did not show any spread-
F echoes on the F-trace. At 02 UT (21 LT) strong spread-F
echoes were recorded throughout the whole trace. In subse-
quent ionograms, the spread echoes got stronger and were
inhibited with the rising of the sun in the ionosphere. It is
important to note that there was no height rise of the base
of the F-region before the inhibition of the spread-F .
These features are consistent with the presence of a west-
ward electric field in the nightside of the Earth due to the
positive interplanetary electric field.
3. Discussion
Rastogi and Patel (1975) have suggested that large and
quick changes in the direction of the IMF from southward
to northward is associated with the penetration of the in-
terplanetary electric field to the equatorial ionosphere due
to an over shielding effect. Somehow, this has been later
generalized as the phenomenon of northward turning of the
IMF-Bz , irrespective of the pre-disturbance value. Patel
(1978) reexamined the relationship between the disappear-
ance of Es-q at Huancayo, the electrojet index, and the IMF-
Bz , and showed some events of the disappearance of Es-q
without a significant change of IMF-Bz . Rastogi (1981)
showed that the disappearance of Es-q is complex, and is
affected by the equatorial electric field due to atmospheric
tides, the extension of the polar electrojet current to low lat-
itudes, and due to changes in IMF-Bz . He showed that the
relative importance of these sources can be easily estimated
by examining the magnetograms of neighbouring electrojet
stations.
The present paper describes an event when IMF-Bz in-
creased from an initial positive value of 10 nT to 15 nT
during the impact of a solar plasma cloud with the Earth’s
magnetosphere. The feature of this event was that the in-
terplanetary electric field was strongly positive during the
period of the magnetic storm. The disappearance of Es-q
on the dayside is opposite to the effect due to direct pen-
etration of the electric field to the equatorial region (under
shielding effect). It actually suggests an interesting (evi-
dence) situation of penetration of electric field due to an
over shielding effect. However, if one examines the inter-
planetary magnetic field, it does not show any sudden re-
versal of IMF from a southward to a northward direction,
which is a signature for an over shielding effect and, as a
result, this possibility has to be abandoned. This then re-
quires an alternative process that may support the observa-
tions. It may be noted that there was a simultaneous surge
of the AE index with the start of the magnetic storm, in-
dicated by the large SYM/H index. The observed dayside
westward electric field at Thumba seems to be due to the
disturbance dynamo, caused by the Joule heating of the au-
roral ionosphere, that gives rise to electric fields opposite
to the dynamo fields at low latitudes with a delay of a few
hours. In the present case, the build up of the AE index
started around 2300 UT and the disappearance of Es-q was
seen around 0300 UT. It supports the above mechanism and
is, we believe, an important scientific contribution towards
the understanding of the physical processes at the equatorial
ionosphere as a result of the disturbance dynamo during a
geomagnetic storm. In addition, there are wave-like fluc-
tuations in the H at Trivandrum with a period of about
an hour. These are likely to be due to large-scale gravity
waves generated at the auroral latitudes. Sastri et al. (2000)
had earlier reported the ionospheric response to the mag-
netic storm of November, 1993, at the Indian longitudes
that showed the effects due to electric fields of both prompt
penetration and disturbance dynamo origin, and also due to
large-scale gravity waves originated from auroral latitudes.
4. Conclusion
The equatorial ionosphere at American and Indian lon-
gitudes was greatly affected by the impact of a magnetic
cloud on the Earth’s magnetosphere at 1636 UT on 25–26
June, 1998, associated with a sudden increase in solar wind
density, velocity and sudden changes in IMF.
During the phase of a positive IMF-Bz , there were no
significant changes, indicating a complete isolation of the
Earth’s magnetosphere from the solar wind.
During the phase of a southward IMF-Bz there was a dis-
appearance of Es-q at Thumba in the dayside and a strong
spread-F at Huancayo in the nightside indicating a dusk-to-
dawn electric field, which is opposite to the prompt penetra-
tion electric field (under a shielding effect).
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An abnormally-large Auroral index (AE) associated with
the storm suggests the cause of the equatorial electric field
changes to be due to the disturbance dynamo effect.
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